We study the charmless decays B → ΛΛh, where h stands for π + , K + , K 0 ,K * + , or K * 0 , using a 605 fb −1 data sample collected at the Υ(4S) resonance with the Belle detector at the KEKB asymmetric energy e + e − collider. We observe B 0 → ΛΛK 0 and B 0 → ΛΛK * 0 with branching fractions of (4.76 
I. INTRODUCTION
The b → s penguin loop process plays an important role in rare B meson decays [1] . It could be sensitive to new physics beyond the standard model due to additional contributions from as yet-unknown heavy virtual particles in the loop. Recently the study of the penguin dominated baryonic B decays B + → ppK + [2] and B 0 → pΛπ − [3] gave intriguing results.
The proton polar angular distributions in the baryon-antibaryon helicity frame disagree with the expectations for short distance b → s weak decays [4] . However, in B → ppK * decays [5] , the K * 0 seems to be fully polarized in the helicity zero state in agreement with the b → s weak decay hypothesis. The theoretical hierarchies, B(B + → ppK + ) > B(B + → ppK * + ) and B(B + → ppK * + ) > B(B 0 → ppK * 0 ), from the pole model [6] are experimentally established although the predicted branching fraction B(B 0 → ppK * 0 ) is about a factor of 20 smaller than the experimental measurement. It is therefore interesting to study the corresponding branching fractions for B → ΛΛK ( * ) decays, the counterparts with protons replaced by Λ's.
In this paper, we study the charmless three-body decays B → ΛΛh, where h stands for π + , K + , K 0 , K * + , or K * 0 [7] . The mode B + → ΛΛK + has been previously observed [8] and presumably proceeds through ab →sss process. This decay process can be related to B + → ppK + as shown in Fig. 1(a) and Fig. 1(b) . One can simply replace the ud−ūd diquark pair with an sd−sd pair to establish a one-to-one correspondence between B → pph and ΛΛh decays. A common feature of these decays is that the baryon-antibaryon mass spectra peak near threshold as conjectured in Refs. [4, 9] . The K + meson carries the energetics quark from theb →s transition so that a threshold enhancement of the baryon and antibaryon system is naturally formed. However, there is another possibility shown in Fig. 1 (c) and Since the branching fractions of B → ΛΛK and ΛΛπ + decays are theoretically expected at a level [10] that is detectable with our present data sample, we attempt to determine the branching fractions of the various B → ΛΛh decays and compare with the latest measurements for B → pph. We also examine the low mass M ΛΛ enhancements near threshold and the related angular distributions in order to investigate the underlying dynamics. 
II. EVENT SELECTION AND RECONSTRUCTION

A. Data Samples and the Belle Detector
For this study, we use a 605 fb −1 data sample, consisting of 657 ×10 6 BB pairs, collected with the Belle detector on the Υ(4S) resonance at the KEKB asymmetric energy e + e − (3.5 and 8 GeV) collider [11] . The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-offlight scintillation counters (TOF), and an electromagnetic calorimeter composed of CsI(Tl) crystals located inside a super-conducting solenoid coil that provides a 1.5 T magnetic field.
An iron flux-return located outside of the coil is instrumented to detect K 0 L mesons and to identify muons. The detector is described in detail elsewhere [12] .
B. Selection Criteria
The event selection criteria are based on information obtained from the tracking system (SVD and CDC) and the hadron identification system (CDC, ACC, and TOF). All charged tracks not associated with long lived particles are required to satisfy track quality criteria based on track impact parameters relative to the interaction point (IP). The deviations of charged tracks from the IP position are required to be within ±0.3 cm in the transverse (x-y) plane, and within ±3 cm in the z direction, where the z axis is defined to be the direction opposite to the positron beam. For each track, the likelihood values L p , L K , and L π for the proton, kaon, or pion hypotheses, respectively, are determined from the information provided by the hadron identification system. A track is identified as a kaon S vertex displacement and flight direction selection criteria to pairs of oppositely charged tracks-treated as a proton and negative pion-whose mass is consistent with the nominal Λ baryon mass, 1.111 GeV/c 2 < M pπ − < 1.121 GeV/c 2 [13] . The proton-like daughter is 
D. Background Suppression
After the above selection requirements, the background in the fit region arises dominantly from continuum e + e − →(q = u, d, s, c) processes. We suppress the jet-like continuum background relative to the more spherical BB signal using a Fisher discriminant [15] . The
Fisher discriminant is a method that combines n-dimensional variables into one dimension by weighting linearly; the coefficients for each variables are optimized to separate signal and background. We optimize the coefficients separately in 7 different missing-mass regions based on 17 kinematic variables in the CM frame [16] . The missing-mass is determined 
III. EXTRACTION OF SIGNAL A. Unbinned Extended Likelihood Fits
We perform an unbinned extended likelihood fit that maximizes the likelihood function
to estimate the signal yields for the ΛΛK + , ΛΛπ + and ΛΛK 0 modes in the candidate region.
Here P ΛΛh (P) denotes the signal (background) PDF, N is the number of events in the fit, and N ΛΛh and Nare fit parameters representing the number of signal and background yields, respectively. The ΛΛπ + mode can contain a non-negligible cross-feed contribution from the ΛΛK + mode, where the K + is misidentified as a π + . Hence we include a ΛΛK + MC cross-feed shape in the fit for the determination of the ΛΛπ + yield. The likelihood function is more complicated for the ΛΛK * modes,
since there are contributions from non-resonant B → ΛΛKπ decays and one more variable in the fit for the Kπ invariant mass, 0.6 GeV/c 2 < M Kπ < 1.2 GeV/c 2 .
B. Probability Density Functions
We take each PDF to be the product of shapes in M bc and ∆E (and M Kπ , the reconstructed invariant mass of kaon and pion, if applicable), which are assumed to be uncorrelated. Taking B → ΛΛK * for example, for the i-th event,
For the PDFs related to B decays, we use a Gaussian function to represent P M bc and a double Gaussian for P ∆E with parameters determined from MC signal simulation. The theoretical p-wave Breit-Wigner resonance function is defined by Eqns. 3, 4 and 5, where A is a normalization factor, Γ is the width of the peak and m K * , m K and m π are the nominal masses of the K * , K and π [20] , respectively.
where
We use these functions to parameterize the P M Kπ distributions for K * + and K * 0 , and use a LASS function obtained from the LASS collaboration [17] to model the nonresonant P M Kπ distribution. For the continuum background PDFs, we use a parameterization that was first used by the ARGUS collaboration [18] ,
, to model the P M bc distribution with x given by M bc /E beam and where ξ is a fit parameter. The P ∆E distribution is modeled by a normalized second order polynomial whose coefficients are fit parameters. The continuum background PDF for the K * modes, P M Kπ , is modeled by a p-wave function and a threshold function, P M Kπ = r × P p−wave + (1 − r) × P threshold and
where r, s, c 1 and c 2 are fit parameters. B 0 → ΛΛK * 0 modes in the threshold-mass-enhanced region. The solid curves, dotted curves, and dashed curves represent the total fit result, fitted signal and fitted background, respectively.
IV. PHYSICS RESULTS
A. Fitting Results
Figures 2 and 3 show the fit results for
B + → ΛΛK * + and B 0 → ΛΛK * 0 in the M ΛΛ region below 2.85 GeV/c 2 , which we refer to as the threshold-mass-enhanced region. The resulting signal yields are given in Table I .
The significance is defined as 
Branching Fractions
The differential branching fractions as a function of M ΛΛ for the observed modes are shown in Fig. 4 . Tables II and III −0.88 ± 0.33) × 10 −6 with 3.7σ significance in the threshold-mass-enhanced region using the yield in Table I . The differential branching fractions are obtained by correcting the yields for the M ΛΛ dependent efficiency, which is estimated from signal MC.
Here, we include the efficiency correction for Λ polarization reported in Ref. [3, 19] respectively. These factors are obtained in a model independent way. We first use the phase space MC sample to obtain the efficiency function in cos θ p , where cos θ p is the polar angle of proton in the Λ helicity frame. We then use the cos θ p distributions in the data sideband and signal regions to find their corresponding average efficiencies. With the signal yield information from the fit, the model independent signal efficiency can be estimated. distribution is not flat but does agree with the theoretical expectation [19] .
To verify the branching fraction measurement procedure, we use J/ψ K ( * ) events with J/ψ → ΛΛ in the region 3.070 GeV/c 2 < M ΛΛ < 3.125 GeV/c 2 . Using B(J/ψ → ΛΛ) = (1.61±0.15)×10 −3 [20] , we obtain branching fractions of (1.30 agree with the world average values [20] within 2σ including systematic errors that are similar to those for the signal mode discussed below. Figure 6 shows the angular distribution of theΛ in the ΛΛ rest frame for the thresholdmass-enhanced region. The yields are obtained from (∆E, M bc ) unbinned extended maximum likelihood fits for each bin of cos θΛ. The angle θΛ is defined as the angle between theΛ direction and the K + direction in the ΛΛ pair rest frame. Here, we make a cos θΛ dependent efficiency correction and an average correction for theΛ helicity dependence as discussed above. The distribution shows no significant forward peak, in contrast to the prominent peak reported in B + → ppK + [21] , which is a unique signature of the intriguing result discussed above.
Polar Angle Distribution
Helicity Distribution
We study the K * 0 polarization in ΛΛK * 0 decay, as the K * 0 meson is found to be almost 100% polarized with a fraction of (101 ± 13 ± 3)% in the helicity zero state in B 0 → ppK * 0 decay [5] . To study the K * 0 polarization, we use a MC simulation to obtain the efficiency as We find that the K * 0 meson is polarized with (60 ± 22 ± 8)% in the helicity zero state.
Upper Limits and Interpretation
For modes with signal significance less than 4σ, we set the corresponding upper limits on the decay branching fractions at the 90% confidence level in the threshold-mass-enhanced region. Using the methods described in Refs. [22, 23] , we obtain B(B + → ΛΛK * + ) < using the misidentified B + → ΛΛK + component in the fit. This value agrees well with our
Our results may indicate that the contribution of the sd −sd popping diagram to B + → ΛΛπ + shown in Fig. 9(b) , is suppressed relative to the ud −ūd popping diagram shown in Fig. 9(a) . In light of this observation, we move to the b → c tree diagram (internal W emission) dominated decay B 0 → ΛΛD 0 (us −ūs popping), which is shown in Fig. 9(d) . We select the 1.852 GeV/c 2 < M K + π − < 1.877 GeV/c 2 region forD 0 candidates and extract the B yield. Figure 8 shows the result of the fit. The signal yield is 5.53 (a) (b) which are based on the experimental data for B → pph and B → pΛh decays.
The branching fractions of B + → ΛΛK + and B + → ΛΛπ + seem to be consistent with the theoretical predictions and the results from previous measurements. ΛΛπ + (1.7 ± 0.7) × 10 −7 < 2.8 × 10 −6 (< 0.94 
D. Systematic Study
Systematic uncertainties are determined using high statistics control data samples.
Reconstruction Efficiency
• Tracking uncertainty:
Tracking uncertainty is determined with fully and partially reconstructed D * samples.
It is about 1.3% per charged track.
• Particle identification uncertainty:
For proton identification, we use a Λ → pπ − sample, while for K/π identification we
Note that the average efficiency difference for proton identification between data and MC has been corrected to obtain the final branching fraction measurements. The corrections are 7.41%, 7.40%, 7.40%, 7.45% and 7.48% for the
The uncertainties associated with the particle identification corrections are estimated to be 2% for the proton(anti-proton) from Λ(Λ) and 0.8% for each kaon/pion identification.
• Λ Reconstruction:
We vary the Λ selection criteria to estimate their impact on the systematic uncertainty.
The uncertainties from the Λ mass cut and requirements on kinematic variables are 1.9% and 1.5%, respectively. For the reconstruction of Λ andΛ, we have an additional uncertainty of 4.7% in the efficiency for displaced vertex reconstruction. This is de-termined from the difference between Λ proper time distributions for data and MC simulation.
• K • R selection:
We study the R continuum suppression by varying the R cut value from 0 to 0.9 to check for a systematic trend.
• Multiple Candidates:
The systematic uncertainty in the best B candidate selection is determined by including multicandidate events satisfying the R cut value when obtaining the signal yield and the efficiency for each mode. We then take the difference in the branching fractions with and without the best candidate selection as the systematic uncertainty.
• MC statistical uncertainty:
The MC statistical uncertainty is less than 2%.
Fitting Uncertainty
• PDF uncertainty:
A systematic uncertainty in the fit yield is determined by varying the parameters of the signal and background PDFs. The assumption of uncorrelated PDFs for M bc and ∆E is studied by using 2D smoothed histogram functions for both signal andMC events. The percentage change in the signal yield is about 0.8%. According to our MC simulation study, the rare B decays that will significantly affect our signal determination are B + → ΛΛK + for B + → ΛΛπ + mode and B → ΛΣ 0 h for all B → ΛΛh modes. The latter contributes a 0.5% error and is included in the systematic error from fitting. The uncertainty in the fit from the M Kπ PDF for continuum background is determined from the difference between the fit results for the B → ppK * modes using analytical functions (a threshold function and a p-wave function) and using the smooth function obtained from the M Kπ distribution in sideband data [5] . We quote 1% fitting uncertainties for the M Kπ PDF of continuum background in B → ΛΛK * modes. We quote a 3.2% fitting uncertainty for the M Kπ PDF of non-resonant B → ΛΛKπ, which is obtained from the difference in the fit results for the ppKπ mode using an analytical function(the LASS function) and using a second order polynomial. The second order • Fitting bias:
We use 800 simulated MC event sets to measure the difference between the fit result and the expected value. The bias is less than 1% for both 2D and 3D fits.
MC modeling
• Angular distribution of the proton in the Λ rest frame:
As described in IV B 1, the efficiency uncertainty due to the polarization of Λ (Λ) is bypassed by using a model independent method based on data. However, to be conservative, we quote the percentage difference between efficiencies obtained from the model independent method and from the theoretically predicted cos θ p distribution [19] . This modeling uncertainty is about 4.3%.
• Angular distribution of theΛ in the ΛΛ rest frame:
We choose the most significant mode, B + → ΛΛK + , with M ΛΛ < 2.85 GeV/c 2 to obtain its cos θΛ IV B 2 distribution, shown in Fig. 6 . Although it deviates significantly from a phase space distribution, the overall efficiency difference from a phase space MC sample is small since the efficiency versus cos θΛ is symmetric and flat. We assume that this effect is the same for all other decay modes. Thus, the uncertainties from the MC modeling for the angular distribution of cos θΛ are determined to be 0.9%.
• Angular distribution of kaon in K * 0 rest frame:
The uncertainties from the MC modeling of the cos θ K angular distribution in the ΛΛK * 0 mode about 2.5%. This value is determined from the difference between the efficiency in the threshold-mass-enhanced region obtained from the B yields using phase space MC event samples and the efficiency calculated from the efficiency distribution function, the theoretical PDFs for the K * 0 meson and the ratio of the two helicity states obtained by fitting to data.
Total systematic errors
The systematic uncertainties for each decay channel are summarized in Table V . These uncertainties are summed in quadrature to determine the total systematic uncertainty for each mode. ), it appears that diquark pair popping out from the vacuum for us −ūs (sd −sd) is suppressed compared to uu −ūū (ud −ūd).
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